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CALCULATIONS OF THE INTERACTIONS 
OF DIATOMIC MOLECULES WITH SOLID SURFACES* 

Richard A .  Oman 

Research Department 
Grumman Ai rc ra f t  Engineering Corporation 

Bethpage, N . Y . ,  USA 

Abstract 

Three dimensional c l a s s i ca l  in te rac t ions  of homonuclear 
diatomic gas molecules w i t h  fcc  so l id  surfaces  are calcu- 
l a t ed  by d i g i t a l  computer. The r e s u l t s  a r e  compared t o  
matched monatomic in te rac t ions  previously reported,  and t o  
a phenomenological model which gives a lgebraic  expressions 
fo r  t he  energy exchanges. Diatomic r e s u l t s  ind ica te  an im-  
por tant  reduction i n  energy and tangent ia l  momentum t rans-  
mitted t o  the  l a t t i c e ,  but a s l i g h t  increase i n  gas exit  
energy over t h e  monatomic cases. Diatomic p a r t i c l e s  ex- 
perience s ign i f i can t ly  less l a t e r a l  s ca t t e r ing  than do 
monatomic. Vibrat ional  energy changes are small except at  
high energy, and ro ta t iona l  energy change va r i e s  l i n e a r l y  
w i t h  incident t r ans l a t iona l  energy. 

Symbols 

A 
d 
E 
F 
G 
IOL 
k 
k 
m 

correct ion fo r  a t t r a c t i v e  po ten t i a l  
u n i t  of length (= 3 la t t ice  spacing) 
energy 
force 
steric f ac to r  i n  vibrat ional  accommodation 
independent o sc i l l a to r  l a t t i c e  
Boltzmann's constant 
e f f ec t ive  spring constant 
mass 
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number of l a t t i c e  atoms/d3; a l s o  number of degrees of 
freedom of gas p a r t i c l e  
momentum 
probabi l i ty  of subscripted event 
temperature 
ve loc i ty  
energy exchange r a t i o  (primes denote various stages 
of i n t e rac t ion  analysis)  
o r i en ta t ion  of ro t a t iona l  ve loc i ty  a t  impact 
depth of Lennard-Jones 6-12 gas-surface po ten t i a l  
f r a c t i o n  of incident flow t h a t  i s  trapped 
angle between veloci ty  vector and normal t o  surface 
mass r a t i o  ( l a t t i ce /gas )  
e f f e c t i v e  mass r a t i o  f o r  v ibra t iona l  accommodation 
shape f ac to r  
range parameter of Lennard-Jones 6-12 po ten t i a l  
l a t e r a l  momentum accommodation coef f ic ien t  
tangent ia l  momentum accommodation coe f f i c i en t  
intramolecular spacing 
normal momentum accommodation coe f f i c i en t  ( the normal- 
ized v e c t o r i a l  normal momentum difference between 
incident  and re f lec ted  molecule) 
t i m e  i n t e r v a l  
o r i en ta t ion  angle a t  impact 
frequency (rad/ sec) 
dimensionless frequency parameter (= Qd/Vi) 
mean of F 
standard deviat ion of F 

Subscripts 

C c o l l i s i o n  
d i s s  d i ssoc ia t ion  
f f i n a l  s t a t e  a f t e r  in te rac t ion  
f3 gas 
i i n i t i a l  s t a t e  
a l a t t i c e  (or  so l id)  
n na tu ra l  frequency of l a t t i c e  
0 peak or  reference value 
r r o t a t i o n  
V v ibra t ion  
W w a l l  (temperature) 
11 r e l a t e d  t o  trapping 
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An understanding of the  important f ac to r s  i n  gas- 
surface in t e rac t ions  a t  epithermal energy i s  beginning t o  
emerge from the  recent work of many authors (cf .  Hurlbut, 
Ref. l), but t he re  has been very l i t t l e  information on in-  
t e r ac t ions  involving polyatomic molecules. Previous theo- 
r e t i c a l  papers on the e f f ec t s  of i n t e rna l  modes include 
those of Herman and Rubin (Ref. 2), Feuer (Ref. 3) ,  Allen 
and Feuer (Ref. 4 ) ,  and Marsh (Ref. S), a l l  of which a r e  
bes t  su i ted  t o  those cases i n  which t r ans l a t iona l  energy is  
small r e l a t i v e  t o  adsorption energy. It has not yet  proven 
possible  t o  perform quantum ca lcu la t ions  with three dimen- 
s iona l  geometry, so information on momentum exchange cannot 
be achieved with these methods. 

W e  know of no data  f o r  polyatomic nolecules on con- 
t r o l l e d  surfaces  a t  su f f i c i en t ly  high incident energy, t h a t  
could be used t o  v e r i f y  t h e  present  r e s u l t s .  In connection 
with the  many e f f o r t s  t o  achieve such experiments (Ref. 6 ) ,  
t he  technique of Marsden (Ref. 7) shows promise f o r  charac- 
t e r i z i n g  r o t a t i o n a l  s t a t e s .  

W e  have previously worked out a t heo re t i ca l  approach t o  
gas-surface in t e rac t ions  of energies above about 0.2 e V  
which i s  based on t h e  use of a la rge  d i g i t a l  computer t o  
ca l cu la t e  famil ies  of molecular t r a j e c t o r i e s  i n  t h e  neigh- 
borhood of surfaces  (Refs. 8-10). The r e s u l t s  of these 
"computer experiments" on monoenergetic p a r a l l e l  beams a r e  
then used i n  t h e  se lec t ion  of phenomenological models which 
can be t r ea t ed  by simple mathematics and which show behavior 
s imi la r  t o  t ha t  of the computed t r a j e c t o r i e s  (Ref. 10) .  
There do not  appear to  be any inconsis tencies  with t h e  theo- 
ries based on l a t t i c e  dynamics (e.g., Goodman, Ref. 11, or  
T r i l l i ng ,  Ref. 1 2 ) .  Experimental ve r i f i ca t ion  i s  thus f a r  
ava i lab le  only from the c e l l  method of measuring thermal 
accommodation coef f ic ien ts  (data from t h i s  source a r e  given 
by Goodman and Wachman, Ref. 13), but several  of t he  condi- 
t i ons  fo r  v a l i d i t y  of our theory a r e  violated i n  these low 
energy cases.  

The present  paper has been worked out with the  objec- 
t i v e s  of ident i fy ing  t h e  major f ac to r s  i n  the pa r t i t i on ing  
of energy among the various degrees of freedom i n  diatomic 
in te rac t ions ,  and of finding the main differences i n  the  
t r ans l a t iona l  energy and momenta between diatomic and r e l a -  
t ed  monatomic in te rac t ions .  We have chosen the  homonuclear 
diatomic case fo r  i t s  s i m p l i c i t y  and wide importance. 
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Diatomic Trajectory Calculations 

The ca lcu la t ions  of c l a s s i c a l  t r a j e c t o r i e s  fo r  model 
diatomic molecules were carr ied out  along l i n e s  s i m i l a r  t o  
those used f o r  the  monatomic cases (Refs . 8-10) . Twelve 
f i r s t -o rde r  d i f f e r e n t i a l  equations descr ibe the  motion of 
the t w o  atoms i n  three  dimensional Cartesian coordinates.  
The polar  or ien ta t ion  and ve loc i ty  components are found by 
trigonometric transformations a t  any desired t i m e .  A nutual  
r e s to r ing  p o t e n t i a l  of the Lennard-Jones 6-12 type is  used. 
W e  have r e s t r i c t e d  our development t o  homonuclear molecules, 
arid have e q l o y e d  the  l a w  of conservation of energy- as a 
check on t h e  accuracy of the computation. Rotational-  
v ib ra t iona l  coupling i s  inherent i n  the  model. 

W e  use c l a s s i c a l  mechanics i n  the ca lcu la t ions .  Rapp 
(Ref. 14) and Treanor (Ref. 15) have shown t h a t  t he  c l a s s i -  
cal  model gives  good r e s u l t s  fo r  v ibra t iona l  energy exchange 
when averaged over impact parameters and o r i en ta t ions  i n  
gas-gas c o l l i s i o n s .  Gilbey and Goodman (Ref. 16) show t h a t  
t he  monatomic c l a s s i c a l  model i s  adequate i f  Ei i s  high 
so t h a t  t r a n s i t i o n  l eve l s  i n  the  l a t t i c e  a r e  c lose ly  spaced 
r e l a t i v e  t o  E i .  Photon emission times a r e  many orders of 
magnitude g rea t e r  than in te rac t ion  times, so r ad ia t ion  can 
be ignored. Rotat ional  levels  w i l l  be c lose ly  spaced r e l a -  
t i v e  t o  E i .  W e  feel the  c l a s s i c a l  model i s  worthwhile be- 
cause of i t s  a b i l i t y  t o  handle complicated geometry. 

The Lennard-Jones 6-12 p o t e n t i a l  was se lec ted  f o r  a l l  
interatomic forces  involving the gas p a r t i c l e s  because it 
displays the major features  of real in t e rac t ions  i n  a form 
which is  r e a d i l y  r e l a t e d  to physical ly  measurable q u a n t i t i e s  
by two parameters, and because it avoids the  use of exponen- 
t i a l s  o r  o ther  functions,  the ca l cu la t ion  of which i s  very 
time-consuming. W e  wr i t e  t h e  intramolecular po ten t i a l  as, 

where r i s  the d is tance  between atomic centers .  All mo- 
l ecu la r  proper t ies  are assumed t o  be due t o  the  superposi- 
t i o n  of equal atomic contr ibut ions.  

Calculation of the intramolecular motion usua l ly  re- 
qui res  a l a rge  number of  t i m e  s teps .  
penditure,  we ca l cu la t e  t h e  motion of an equivalent mon- 
atomic p a r t i c l e  u n t i l  t h e  inc ident  molecule g e t s  c lose  t o  

To minimize t h i s  ex- 
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t h e  l a t t i c e ,  when the  in te rna l  degrees of freedom a r e  
"turned on." The c r i t e r ion  employed f o r  t h i s  switch i s  
based on the  continuum approximation t o  the long-range 
forces  between the  complete c r y s t a l  and a s ing le  gas atom. 
The in t e rna l  s t ruc tu re  i s  ac t iva ted  when the  single-atom 
a t t r a c t i o n  a t  t he  molecular center  of mass i s  a few percent 
d i f f e ren t  from t h a t  fo r  an atom one-half atomic spacing 
c loser  t o  the  lattice. 
i n i t i a l  phase angles f o r  vibration, ro ta t ion ,  and t h e  orien- 
t a t i o n  of t h e  molecule. The i n i t i a l  ro t a t iona l  and vibra- 
t i o n a l  energies a re  assigned a s  independent input quanti-  
ties, and a r e  constant for a l l  molecules of a given case. 
After ac t iva t ion  t h e  t ra jec tory  proceeds with f u l l  diatomic 
mechanics u n t i l  it has once more l e f t  t he  immediate v i c i n i t y  
of the  l a t t i c e .  I f  t he  molecule has  not been dissociated,  
i t s  const i tuent  atoms a r e  again combined in to  a point  mass 
with equivalent molecular proper t ies  and the  in t e rna l  energy 
d i s t r i b u t i o n  a t  t h a t  ins tan t  i s  recorded a s  output. Concur- 
r e n t  with t h i s  patching together of molecular models, w e  use 
t h e  matching procedures described i n  Ref. 8 t o  portray the 
po ten t i a l  f i e l d  f e l t  by the gas atoms. 
d i s t r ibu t ion  of long range po ten t i a l  sources i s  e s s e n t i a l  t o  
give cons is ten t  momentum h i s to r i e s .  

A random number generator selects 

The semi- inf ini te  

The output f o r  a given t r a j e c t o r y  gives t h e  ex i t i ng  
t r ans l a t iona l ,  ro t a t iona l  and v ibra t iona l  energies,  the  
three  components of e x i t  momentum, the  normal and azimuth 
angles of t he  exit t r ans l a t iona l  veloci ty ,  the  t o t a l  energy 
t ransmit ted t o  the  l a t t i c e ,  an indicat ion of d i ssoc ia t ion  
and/or trapping, and t h e  n e t  change ( i  .e., e r ro r )  of energy 
i n  t h e  calculat ion.  Trajector ies  w e r e  run i n  groups of 
8 (a 5 x 5 g r i d  on t he  surface of a u n i t  c e l l ,  reduced by 
symmetry), except f o r  t w o  cases which were run with 18 (a 
7 x 7 g r i d ) .  The output parameters described above w e r e  
averaged and t h e i r  standard deviations calculated.  Forty- 
e ight  usefu l  cases have been run i n  a l l ,  of which t h e  f i r s t  
16 a re  exploratory, the  second 16 correspond t o  equivalent 
monatomic cases taken from t h e  f i r s t  16 runs of the planned 
design of Ref. 9, and the  l as t  16 represent  a model 
molecule impinging on (110) and (100) Au a t  d i f f e ren t  en- 
e rg i e s  and incidence angles. 
sponding input l eve l s  are not  given here, but are tabulated 
i n  Ref. 1 7 .  An independent-oscillator la t t ice  model w a s  
used throughout t h i s  work, as t h e  monatomic work w e  have 
done has  shown t h a t  it should be sa t i s f ac to ry  (Refs. 9, 10, 
17 ) .  

N2 

The r e s u l t s  and t h e i r  corre- 
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One of the  fundamental problems of computer experiments 
i s  t h e  grea t  d i f f i c u l t y  of ass imi la t ing  t h e  r e s u l t s .  
iads  of numbers a r e  available,  each describing some property 
of a unique in te rac t ion .  
marily on the  degree t o  which these r e s u l t s  can be formed 
i n t o  a recognizable s t ructure .  
approaches: systematic comparison with corresponding mon- 
atomic ca5es, analysis  of aodels t o  give co r re l a t ion  eqm- 
t ions ,  and treatment of a system of two spec i f i c  species.  

Myr- 

The value of the  work rests p r i -  

W e  have employed three bas ic  

Results w e r e  consis tent  with our earlier monatomic re- 
s u l t s .  One or  two l a t t i c e  atoms s t i l l  receive p r a c t i c a l l y  

s t i l l  "trapped" on t h e  surface by lack of s u f f i c i e n t  normal 
momentum, even though they r e t a i n  a balance of k ine t i c  over 
po ten t i a l  energy. Very l imited t e s t i n g  has indicated t h a t  
t h e  outermost l a y e r  of a toms  dominates diatomic in te rac t ions  
i n  the  same way as  it  does monatomic ones. Vibrational en- 
ergy exchange i s  negl igible  u n t i l  E i  exceeds the dissocia-  
t i o n  energy, but  ro ta t iona l  energy exchange appears t o  be 
near ly  a f ixed  f r ac t ion  of E i  f o r  a given geometry and set 
of species. Dissociation occurs only when an appreciable 
f r ac t ion  of t he  population receives  an amount of energy i n  
t h e  in t e rna l  modes which exceeds the d issoc ia t ion  energy. 
It has l i t t l e  o r  no e f fec t  on energy t ransmit ted t o  the  l a t -  
t i c e  unless  t h e  incident  molecule i s  trapped. 

a l l  of the eilergy t ransmit ted tG the l a t t i ce .  A t O W  are 

The 16 cases t h a t  are matched t o  corresponding mon- 
atomic cases from Ref. 9 have been processed t o  determine 
the  f ac to r s  t h a t  make diatomic in te rac t ions  behave d i f f e r -  
en t ly  from monatomic ones. Table 1 shows t h e  r e s u l t s  of 
t h i s  processing. The number of cases i s  l imited,  so  w e  have 
merely designated the  direct ion of the most important e f -  
f e c t s  ( i . e . ,  slopes) from a variance ana lys i s .  The tabula- 
t ed  averages show the  direct ion and amount by which diatomic 
d i f f e r s  from monatomic. Curvatures a r e  indicated by aster- 
i sks  f o r  those cases i n  which they ind ica te  an important 
opposing e f f e c t  t o  t h a t  of t h e  slope. The presence or  ab- 
sence of a pa r t i cu la r  s i g n  may u l t imate ly  prove t o  be an 
a r t i f a c t  of t h e  design, the method of analysis ,  or of coin- 
cidence, but w e  f e e l  t ha t  a generous majority of t h e  indica- 
t i ons  are r e l i a b l e .  

Hayward and Trapnel l  (Ref.  18) ind ica t e  t h a t  N2/Au is 
unl ike ly  t o  form chemical bonds. Theo N-Au bond was assumed 
t o  be 0.05 e V  w i t h  a L-J Q of 2 A .  The old yalue of 
7.35 e V  w a s  used f o r  the N-N bond, with 1.09 A f o r  aV 
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(Ref .  19). The ac tua l  Edi of 9.76 e V  wonld not  change 
t h e  results, except t o  fur tger  reduce t h e  observed sma:l vi-  
b r a t i o n a l  accomodation. Kittel (Ref. 20) gives 4.07 A as 
t h e  l a t t i ce  spacing (d = 2.04 8 )  and 165OK as the  Debye 
teaperature.  Figures 1-3 give the  results f o r  t h e  fcc (100) 
face of Au. The points  shown as predicted values a r e  d is -  
cussed i n  t h e  next section. 

Comparison of data  from (100) and (110) fcc  surfaces 
showed s i g n i f i c a n t  increases i n  s c a t t e r i n g  f o r  t h e  (110) 
case, as measured by larger standard deviation values. Ro- 
t a t i o n a l  energy changes, tangent ia l  momentum accommodation, 
and e x i t  angle measured from the  normal w e r e  g rea t e r  f o r  t he  
(110) case, while exit normal momentum was  less. Energy 
transmitted t o  the  l a t t i c e  w a s  s i g n i f i c a n t l y  g rea t e r  f o r  the  
(110) case for  high E i ,  but no s ign i f i can t  difference w a s  
found a t  lower energies where a t t r a c t i o n  i s  the  dominant 
mechanism. The la teral  s ca t t e r ing  momentum showed an oppo- 
s i te  dependence on energy, being about t he  s a m e  a t  high en- 
ergy, but being markedly greater f o r  (110) f o r  the  low en- 
ergy cases. 
of 22.5" 

All of these runs w e r e  made a t  an azimuth angle 
from the l i n e  of c loses t  packing on each surface.  

Phenomenological Model f o r  Energy Exchange 

In  Ref. 10, an analysis of energy exchange i n  monatomic 
in t e rac t ions  was ca r r i ed  out by considering the  l a t t i ce  as a 
s i n g l e  harmonic o s c i l l a t o r .  
represented by a force pulse with a shape se l ec t ed  by t r i a l  
of several forms, an amplitude which w a s  derived from the  
iilomentum exchange i n  an equivalent hard sphere co l l i s ion ,  
and a temporal duration determined by co r re l a t ion  of about 
1500 computed t r a j e c t o r i e s .  The equations of motion w e r e  
then integrated over t h e  duration of t h e  fo rce  pulse and 
solved f o r  t h e  energy transmitted t o  the  l a t t i c e .  Analyti- 
c a l  correct ions w e r e  introduced f o r  off-normal angle of in -  
cidence, long-range a t t r a c t i v e  forces  of t he  la t t ice ,  trap- 
ping a f t e r  primary co l l i s ions ,  surface contaminants, and 
i n i t i a l  thermal motion i n  t h e  la t t i ce .  The r e s u l t s  of t h e  
monatomic analysis ,  when used t o  "predict"  the energy ex- 
change of t h e  compurer experiments, showed no systematic 
discrepancies and gave a s c a t t e r  which has a standard (i.e., 
rms) e r r o r  of about 10 percent of t h e  incident energy. The 
ana lys i s  t he re fo re  gives  a simple c o r r e l a t i o n  of many of the 
r e s u l t s  of R e f .  10 t h a t  i s  f o r  p r a c t i c a l  purposes as re l i -  
ab le  as the  t r a j e c t o r i e s  themselves. It a l s o  gives a physi- 
cal p i c t u r e  of t h e  mechanisms involved and their  r e l a t i v e  

The gas p a r t i c l e ' s  e f f e c t  w a s  
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e importance i n  a given s i tua t ion .  W e  now extend the mon- 
atomic ana lys i s  t o  the  diatomic case.  

The over -a l l  in te rac t ion  i s  considered in  severa l  
p a r t s ;  an equivalent monatomic in te rac t ion ,  a r o t a t i o n a l  and 
v ibra t iona l  exci ta t ion,  and an ex i t i ng  from the  l a t t i c e .  
The separate  p a r t s  are then superposed and several  ad jus t -  
ab le  parameters a r e  i t e r a t ed  t o  f i n d  the  values which con- 
form bes t  t o  t h e  computed t r a j e c t o r i e s .  

A t  l e a s t  three extreme modes can be visual ized fo r  a 
diatomic impact: 1) the atoms can act j o i n t l y  as a s ing le  
mass which can absorb in te rna l  energy; 2) they can ac t  as 
two independent pa r t i c l e s ;  o r  3) one atom can rebound, and 
car ry  the  second atom away from s ign i f i can t  in te rac t ion  with 
t h e  l a t t i c e .  In  the 48 cases ca lcu la ted  fo r  t h i s  report  the  
f i r s t  case i s  the  most prevalent, but when t h e  gas molecule 
i s  much l i g h t e r  than t h e  l a t t i c e  atoms, or  the  angle of in-  
cidence decreases toward the surface p a r a l l e l ,  w e  f i nd  the 
second case y ie lds  a be t te r  predict ion.  From t h e  w e l l - k n o w n  
hard sphere law (HSL) f o r  i n t e rac t ion  along l i n e s  of cen- 
ters, the  energy l e f t  i n  the t a r g e t  atom is  4i.~Ei/(l  + F ) ~ .  
Two independent masses, each of mg/2, would leave a t o t a l  
of 8 @ i / ( l  + 2 ~ ) ~  i n  the lattice. This behavior i s  found 
i n  the  t r a j e c t o r i e s  when p >> 1, or  when 0 i  + 90". W e  
have therefore  represented the  HSL a s  a composite form 
which obeys the  required l i m i t s :  

Equation (2) i s  not intended a t  this s tage  t o  represent  
anything except a head-on, normal impact. In  Ref. 10 w e  
found t h a t  off-normal incidence was cor re la ted  by a f ac to r  of - cos B i  on t h e  RHS of Eq. (2), and t h i s  has been con- 
firmed by Goodman (Ref. 11) who a l s o  introduced an empirical  
cor re la t ion  f ac to r  t o  account f o r  non-head-on e f f e c t s .  
Goodman's value of 0.90 f o r  t h i s  f a c t o r  agrees with 0.894 
produced by an i t e r a t i o n  on t he  r e s u l t s  of our Ref. 10. 

The next  f ac to r  is correct ion f o r  t h e  dynamic e f f e c t s  
of l a t t i c e  r e s t r a in ing  forces.  Reference 10 gives an ex- 
pression f o r  t h e  energy exchange f o r  a s i m p l e  harmonic os- 
c i l l a t o r  driven by a force pulse  of the assumed exponential 

form 
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I 

When Fo and 'rC are determined by employing the  
i f i e d  HSL of Eq. (2) t o  determine the  impulse f e l t  by 
l a t t i c e  o s c i l l a t o r ,  and the abo1.7e co r rec t iom are added, 
a r e  l e f t  with 

L 
tl  - (",",I 

a = - 0.9 cos 9 .  a e 
1 HSL 

mod- 
the  
w e  

The cha rac t e r i s t i c  t i m e  of c o l l i s i o n  f o r  a l a rge  group of 
monatomic in te rac t ions  was found i n  Ref. 10 t o  be 

('c)Mon - 
with the expression: 

w 0.105 a/Vi. The diatomic case co r re l a t e s  bes t  

0 + 0 / s i n  e 
V i 

'i 
= 0.105 ('c) D i a t  

( 4 )  

where aV/sin d i  is  constrained t o  be < 0. The addi t iona l  
t e r m  accounts f o r  an e f f ec t ive  broadening of the  force  pulse  
when both gas atoms s t r i k e  a s ing le  l a t t i c e  atom a t  s l i g h t l y  
d i f f e r e n t  t i m e s .  

The a t t r a c t i v e  portion of the gas-surface po ten t i a l  i s  
very important a t  l o w  E i .  W e  cor rec t  here  only f o r  i t s  in-  
t ens i f i ca t ion  of t he  impact by a s i m p l e  f ac to r  of 
on the  RHS of Eq. (5). I ts  e f f e c t  on trapping w i l l  be 
s tudied l a t e r .  The parameter A i s  a normalized bonding 
energy, obtained f o r  Ref. 10 by in tegra t ion  over a s e m i -  
i n f i n i t e  l a t t i c e ,  and here  modified fo r  the  uncontaminated 
diatomic case t o  be 

(1 + A) 

where 0.69 is  determined empir ical ly .  The las t  f ac to r  
Eq. ( 6 )  accounts f o r  t h e  f ac t  t h a t  t he  c lose r  atom shows 

( 6 )  

of 
a - . .  

st ronger  e f f e c t  i n  a cubic po ten t i a l  f i e l d  than i f  it w e r e  
a t  t h e  molecular center  of mass. The empirical  f ac to r  gives 
the  mean e f f e c t  of t h i s  or ien ta t ion  i n  the  assumed model f o r  
our 48 cases. 
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The forces  which cause changes i n  the vibrat ional  en- 
ergy of the molecule a r e  very s i m i l a r  t o  those which dr ive 
the l a t t i c e  osc i l l a to r .  We g e t  t he  best  r e s u l t s  with the 
assumption tha t  the second gas atom i n  e f f e c t  rebounds from 
i t s  mate while the  l a t t e r  is i n  contact with the  l a t t i c e  
atom. Using the  analog of Eq. (3) , w e  f ind  

where G i s  a s t e r i c  factor  of 0.32 f r o m  our 48 cases, 

J 

0 + av/s in  ei 

'i 

V 
T = 0.105 

V 

L 12.0 Vi / Ediss w 
w =  , and k , /Av  = 4~ (z) 

Ei V 
r 0 

V 

The f u l l  t rans la t iona l  energy (Ei) is coupled t o  the  
in t e rna l  o s c i l l a t o r  through the  modified HSL only when the  
l a t t i c e  springs a r e  very much stronger than the  intramolecu- 
lar  spring. In the opposite l i m i t  of very weak latt ice 
springs, only half  of that amount i s  ava i lab le  because the 
r e c o i l  energy given t o  the l a t t i c e  by the  f i r s t  atom t o  
s t r i k e  can never be returned t o  the  moleculels i n t e rna l  mo- 
t ion .  

Rotational energy accommodation depends primarily on 
the geometry of the encounter. W e  estimate the  r e l a t i v e  mo- 
t i on  induced by one atom moving tangent ia l  t o  the  surface 
while t he  other of the pair  i s  stopped a t  the  surface. The 
e f f ec t ive  r o t a t i o n a l  veloci ty  depends on random or ien ta t ion  
a t  impact  and on molecular shape because the  contact atom 
may be "kicked back" so as t o  oppose the  r o l l i n g  
write 

i s i n  q + t r  cos ei cos q + @ ' s i n  r 
Vr s i n  0 

vi 
- 

i = 2  

where V, i s  measured r e l a t i v e  t o  the  molecular 

mode. W e  

cos $ J ( 8 )  

center of 
mass, ana t h e  phase angles I' and $ w i l l  independently 
vary u n i f o d y  from 0 t o  27~. The parameter 5r is a 
ro t a t iona l  shape f ac to r  which i s  defined as 
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1.38 crv/a 
1 + 1.38 oV/o ' Er = (9) 

where 1.38 i s  again empirically determined. 

The mean exit ro ta t iona l  energy can be expressed as an 
in t eg ra l  of (Vr/Vi)2 over a l l  values of I' and $, and 
becomes 

2 2 2  Er i - 2 - . 
Ei 

- 
A E ~ / E ~  = Q s i n  8 + er cos 8 i i "  

The f i r s t  term represents a r o l l i n g  e f f e c t  on t h e  sur- 
face, the second a "kickback" e f f e c t  which only occurs near 
normal incidence f o r  elongated molecules, and t h e  l a s t  t e r m  
the  e f f e c t  of i n i t i a l  ro ta t ion .  

The d i s t r ibu t ion  of i n t e rna l  s t a t e s  should be uniform 
over the  in t e rva l  from 0 t o  2 & / E i .  Since AEv/Ei 
appears t o  depend on t h e  cosine of the angle between the  in-  
c ident  path and the  molecular l i n e  of centers ,  we would ex- 
P e s  E, t o  be near ly  uniformly d i s t r ibu ted  from 0 t o  
2 aEV/Ei. 
t e r n a l  energy, and use t h i s  d i s t r ibu t ion  t o  ca l cu la t e  t h e  
predicted probabi l i ty  of dissociat ion:  

W e  therefore  assume uniform d i s t r ibu t ion  of in-  

where the  bracketed t e r m  i s  set equal t o  uni ty  i f  it should 
exceed t h a t  value. 

When a par t ic le  dissociates ,  it loses  i t s  r o t a t i o n a l  
energy and gains an equal amount of v ibra t iona l  energy. 
This i s  displayed i n  the individual t r a j e c t o r i e s ,  and has 
been incorporated in to  the model a s  shown below:- 
- - - 

( A E ~ / E ~ ) ~  = A E ~ / E ~  + [ A E J E ~  + E , ~ / E ~ ]  pdiss 

Note t h a t  this s h i f t  of energy i n  no way a f f e c t s  t he  t o t a l  
i n t e rna l  energy. 
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A fur ther  e f f e c t  of a t t r a c t i o n  i s  i n  the  trapping of 

W e  assume tha t  the probabi l i ty  of being trapped is  
p a r t i c l e s  having low normal momentum a f t e r  a primary c o l l i -  
sion. 
an exponential of t he  r a t i o  of t h e  energy equivalent of t he  
mean exit normal momentum t o  the  e f f ec t ive  binding energy: 

2qA cosLB i 1 
- - 11 

where aint = AEr/Ei + AEJEi and a i s  given by Eq. (4). 
The f ac to r  of 2 i n  the  denominator of t he  exponent r ep re -  
sen ts  t he  monatomic empirical fac tor .  The f ac to r  q repre- 
sen ts  a diatomic correction, and has been found t o  be 

4- 'diss q = 0.62 

Note t h a t  t h i s  model ind ica tes  t h a t  t h e  monatomic de- 
pendence on angle of incidence i n  Eq. (14) is  canceled by 
t h a t  i n  Eq. (15). There i s  a l s o  an increased tendency t o  
t r ap  when probabi l i ty  of d i ssoc ia t ion  i s  high. 

The model of Ref. 10 shows two separate  thermal e f f e c t s  
fo r  monatomic interact ions;  a change i n  the  energy t o  which 
trapped p a r t i c l e s  accommodate, and an increase i n  the  exit 
energies of untrapped pa r t i c l e s  whereby thermal motion i s  
f e l t  more s t rongly w i t h  increasing % T ~ .  The latter mecha- 
nism i s  absent i n  our diatomic r e s u l t s .  The e f f e c t  of w a l l  
temperature can now be expressed as: 

q + T ~ / E ~  , 
where n = 7 fo r  a diatomic molecule. The input data  are 
expressed i n  terms of 
p e r  l a t t i c e  atom. 

E, = 3kTw, the  t o t a l  thermal energy 

W e  have found from the 48 sets of t r a j e c t o r i e s  t h a t  the  
bes t  r e s u l t s  are achieved by subtract ing t h e  in t e rna l  energy 
i i c r e a s e  from t h e  energy t ransmit ted t o  t h e  l a t t i c e  (i.e., 
a ) predicted by Eq. (4). The physical  j u s t i f i c a t i o n  f o r  
t h i s  i s  t h a t  t h e  in te rna l  sof tness  lessens the  impact on the  
l a t t i c e  d i r ec t ly ,  but i t s  e f f e c t  on other  modes of motion i s  
secondary. The f i n a l  expression f o r  t h e  average energy 
t ransmit ted t o  the  l a t t i c e  becomes 
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II 
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1 
I 
1 
I 
1 
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n + l  Eri Evi  Ediss) 
+ ( 1 - F  k T w ' E i ) ( l + r +  i Ei 'diss Ei 

The l a s t  t e r m  i n  Eq. (17)  describes f o r  t he  trapped 
molecules the  energy l e f t  i n  the la t t ice  by i n t e r n a l  modes 
and i n  the  form of dissociat ion energy released.  

R e  e x l t  t ransl .at lona1 eliergy can imv $e f s i z d  by c m -  
serva t  ion of energy: - 

E ~ / E ~  = 1 - E ~ / E ~  - a 
i n t  

The predictions of the  ahnve  model have been compared 
against  the r e s u l t s  of t h e  48 sets of 8 t r a j e c t o r i e s .  Each 
of the empirical parameters has been determined by using t h e  
mean e r r o r  i n  the  variable i t  influences t o  cor rec t  i t s  
value f o r  t he  next i t e r a t i o n .  The r e s u l t s  f o r  E j / E i  are 
p lo t t ed  i n  Fig.  4 fo r  comparison. The predict ions are shown 
f o r  t h e  N2/Au (100) cases i n  Figs.  1-3.  A l l  of t h e  re- 
s u l t s  and predict ions a re  tabulated i n  Ref. 17 .  

The over-al l  prediction q u a l i t y  f o r  i n t e r n a l  energy 
change can be assessed from t h e  standard (rms) e r r o r  of 
0.060 E i  and mean-magnitude e r r o r  of 0.047 E i ,  compared 
t o  a mean i n t e r n a l  energy change of 
cases.  The corresponding values f o r  E l  are  0.095, 0.073, 
and 0.342 Ei.  

0.115 E i  i n  t he  48 

Over-all R e s u l t s  and Conclusions 

The r e s u l t s  and conclusions have two important quali-  
f i c a t i o n s .  F i r s t ,  they represent a c l a s s i c a l  approximation 
t o  the  real mechanics of t h e  in t e rac t ion .  Second, t h e  num- 
ber of t r a j e c t o r i e s  f o r  a given input condition i s  severely 
l imi t ed  by computing t i m e ,  and t h e  average values f o r  in- 
dividual  cases can show s c a t t e r  from " i n f i n i t e  sample" val- 
ues. A l s o ,  coupling confuses the  separation of v ib ra t iona l  
and r o t a t i o n a l  energy for weakly bound molecules. Taken as  
a group, however, we feel t h a t  t h e  present r e s u l t s  repre- 
sen t  r e l i a b l e  trends f o r  c l a s s i c a l  calculat ions of realistic 
in t e rac t ions .  

Vibrational exci ta t ion during impact occurs t o  a s ig -  
n i f i c a n t  degree only when E i  >> Ediss. Dissociation be- 
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). Rota- (.,,, - Ediss  comes probable i n  proportion t o  

t i o n a l  energy exchange appea r s  t o  be control led pr imari ly  by 
geometric considerations.  AE, /E~ i s  near ly  constant with 
E i ,  usual ly  decreasing as the  incident ray  becomes more 
normal. 
noticeably reduces the  energy transmitted t o  t h e  l a t t i c e  
when compared t o  a matched monatomic case. 
creased e x i t  t r ans l a t iona l  energy i s  probably due t o  the  
f a c t  t h a t  a diatomic molecule a c t s  l ike  a la rger ,  l i g h t e r  
monatomic gas atom. D i a t o m i c  p a r t i c l e s  a r e  r e f l e c t e d  w i t h  
more d i r e c t i v i t y  than are equivalent monatomic p a r t i c l e s .  
The average tangent ia l  momentum accommodation f o r  16 cases 
i s  about ha l f  t h a t  of monatomic pa r t i c l e s ,  while t h e  mean 
e x i t  normal momentum is s l igh t ly  grea te r .  Most of t h i s  
added d i r e c t i v i t y  comes from a reduction i n  l a t e r a l  s ca t t e r -  
ing from t h a t  of t h e  monatoaic equivalents.  Energy ex- 
changes in  the  c l a s s i c a l  model represented by the  computed 
t r a j e c t o r i e s  can be s a t i s f a c t o r i l y  represented by a model 
composed of the superposition of several  types of mechanical 
in te rac t ions .  Several important differences i n  in te rac t ions  
can be a t t r i b u t e d  t o  differences i n  c r y s t a l  o r ien ta t ions .  
Higher values f o r  the  standard deviations of a l l  t rans la -  
t i o n a l  in te rac t ion  parameters w e r e  shown f o r  t h e  (110) case 
over the  (100) case of N2/Au. The (110) surface being 
q u i t e  d i r ec t iona l  and atomically rough, t h i s  increased scat- 
t e r ing  should be expected. 

- 

Energy absorbed by t h e  in t e rna l  degrees of freedom 

A s l i g h t l y  in-  
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PREDICTED EL/EI 

Fig. 4 Fraction of incident translational energy transmitted 
t o  l a t t i c e  in 48 sets  of trajectory calculations 
compared to  predicted energy exchange for diatomic 
molecules 
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ERRATA 

Page 4 Eq. (1) should read: 

- - - aint . . . . . 0 . . . 0 .  

Page 9 Second Paragraph, 4th line: 

... on the RHS of Eq. ( 5 ) . - . . .  

should be changed t o  read: 

... on the RHS of Eq. ( 4 ) .  ... 
Page 11 Third Paragraph, 1st line: 

Change the word "internal" to  "rotational" 

Page 13 F i r s t  part of Eq. (17) should read: 


